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INTRODUCTION:

This project has focused on the potential role of Estrogen-Related Receptor alpha
(ERRalpha) in regulating steroidogenesis. ERRalpha is an orphan nuclear receptor closely
related to the Estrogen Receptors (ERs), and while its expression correlates with unfavorable
biomarkers and poor prognosis for breast cancer, its function in breast cancer biology is not
known. This project was initiated because we observed that a primary coactivator of ERRalpha,
PGC-1alpha, induces hepatic gene expression of the initial enzymes in steroidogenesis, including
steroidogenic acute regulatory protein (StAR), cytochrome p45011A1 (CYP11A1l), cytochrome
p45017A1 (CYP17Al), and aromatase (CYP19). We endeavored to characterize ERRalpha’s
role in regulating the expression of these enzymes in the breast, since increasing evidence points
to local production of steroids as a significant source of estrogens in breast cancer, particularly in
postmenopausal women (Simpson, 2003). We proposed to examine whether these steroidogenic
enzymes are regulated by the ERRalpha/PGC-1alpha pathway in breast cancer cell lines, to
determine which ERRalpha cofactors are present in breast, and to examine regulation of
steroidogenic enzymes through ERRalpha by other cofactors.

BODY:

PGC-1lalpha induces expression of steroidogenic enzymes CYP11A1 and CYP17Al in selected

cell models (Task 1A).

Over the first two years, we
measured gene induction of
steroidogenic enzymes by the PGC-
lalpha/ERRalpha pathway in many
different cellular models. Initially
this response was identified in
HepG2 cells (see initial proposal),
and we also found the response in
some, but not all hepatic models.
Both CYP11A1 and CYP17A1 were
induced in Hep3B cells and primary
human hepatocytes (Figure 1),
however, this pathway was not
active in Huh or H41IE hepatocytes
(data not shown). The
inconsistency of this response
across cell lines suggests that this
response is sensitive to culturing
conditions. We examined the
response to the PGC-
lalpha/ERRalpha pathway in
MCF7 and BT474 cells, but did
not see induction of either
CYP11Alor CYP17Al. We did
notice a slight induction of CYP19
(armoatase) by PGC-1alpha
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Figure 1. PGC-la and PGC-la 2x9 induce gene expression of

CYP11Al1 and CYP17Al in hepatic cells.

Gene expression of

CYP11A1 and CYP17Al was measured by quantitative PCR in (A)
HepG2 cells, (B) Hep3B cells, or (C) primary human hepatocytes
infected with adenoviruses expressing p-gal, PGC-1a, PGC-1a 2x9, or

PGC-la L2L3M.

express

ion.

Gene expression was normalized to 36B4
Error bars represent SEM of three replicates, and each

graph is representative of at least three independent experiments.



expression (see 2007 report), suggesting that PGC-1alpha and ERRalpha could induce steroid
synthesis from a sex steroid precursor, but de novo steroidogenesis does not appear to be induced
by PGC-1lalpha/ERRalpha. Since primary rat and human hepatocytes exhibit robust activation of
these transcripts by ERRalpha/PGC-1alpha while some

other hepatic cell lines do not recapitulate this activity (Huh A

cells, H4IIE cells), cultured models might be subject to M Preg O 17a-OHPreg M DHEA
changes in transcriptional activity and might not adequately 109% 7 ]
or uniformly represent in vivo events. Therefore, additional
examination of additional cell lines or more primary breast 60% 7
cells, such as human mammary epithelial cells (HMECSs) 40% 7
might be required to continue exploring this aspect in 20% 1

breast cancer cells. 0% - . ‘
R-gal PGC-1a PGC-1a PGC-1a

80%

2x9 L2L3
Examination of steroids synthesized by the PGC-1alpha
pathway (Task 1B)

We focused our efforts on measuring the
steroidogenic potential of the ERRalpha/PGC-1alpha
pathway in cell lines with the most robust transcriptional
induction of the steroidogenic enzymes, HepG2 cells. We
reported the results of these measurements in our first
annual report (2007), showing that the ERRalpha/PGC- gal PGC-a F’Gzi;a PLC;&;A""
lalpha pathway induces functional enzymes (CYP11A1l
and CYP17A1) that can synthesize DHEA from G, 5 _ 22(R)-OH cholesterol
steroidogenic precursors. High-Performance Liquid 04
chromatography was used to identify the steroids 03 1
synthesized by HepG2 cells expressing PGC-1alpha. The 02
percentage of pregnenolone that was converted to DHEA or o ]
its intermediate, 17alpha-hydroxypregnenolone, is shown '
in Figure 2A. Additionally, a radioimmunoassay gal PGCa PGC-fa PGC-a
corroborated synthesis of DHEA from both pregnenolone 29 L2L3M
and 22(R)-OH-cholesterol (Figure 2B and 2C). These Figure 2. PGC-la and PGC-la 2x9
results indicate that PGC-1alpha is capable of inducing increase the functional activity of
functional enzymes which lead to the synthesis of DHEA.  CYP11Al and CYP17Al. A. HepG2
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characterized the molecular regulation of CYP17A1 by OH cholesterol (C), and DHEA was
ERRalpha. We reported in the first annual report (2007) measured using a radioimmunoassay.
that PGC-1alpha-activated ERRalpha can drive Error bars represent SEM of three

replicates, and each RIA is representative

expression of a CYP17ALl reporter. However, we were . ;
of three independent experiments.

unable to identify ERRalpha binding by chromatin
immunoprecipitation (ChIP) to the promoter region



indicated by the transcriptional assay. Additionally, extensive mutagenesis of putative nuclear
receptor binding sites (singular and in combination) failed to abrogate the observed induction of
CYP17Al by ERRalpha/PGC-1alpha (data not shown). Therefore, we searched for additional
potential ERRalpha binding by performing a scanning ChIP analysis of all the potential ERRES
20kb upstream and downstream of CYP17A1, as well as within all introns of the gene and found
a site 15KB downstream of CYP17AL1 that ERRalpha appears capable of binding in these cells
when PGC-1alpha is present (See figure 3 from Grasfeder et al, 2009).

CYP11Al is also a novel target of ERRalpha, so we additionally searched for potential
ERRalpha binding sites within and 20kb around the gene. We found a site within the first intron
that ERRalpha is capable of binding in these cells when PGC-1alpha is present (see figure 4 from
Grasfeder et al, 2009).

Identification of cofactors that bind ERR« in breast tissues using T7 phage display technology
(Task2A)

Since we had not found a breast cancer cell line in which the PGC-lalpha/ERRalpha
pathway could recapitulate steroidogenesis, we searched for novel ERRalpha binding partners in
T7 libraries derived from HepG2 cells as well as the proposed MCF7 cells. Screens of the breast
T7 cDNA libraries yielded only 2 clones, neither of which were known cofactors. However,
analysis of the HepG2 libraries yielded several known cofactors, including PGC-1alpha, Rip140,
Asc2, and SRC2, and several additional uncharacterized and hypothetical proteins. Interaction
of each of these cofactors with ERRalpha was confirmed by mammalian 2-hybrid assays (See
2008 report). Since the screen of the HepG2 library was successful, it suggests that there might
be something wrong with the T7 library derived from MCF7 cells. This library should probably
be reconstructed. Additionally, other cell lines should be considered as well, preferably a line
which exhibits PGC-1alpha/ERRalpha-induction of steroidogenesis.

Validation of ERRalpha-binding proteins (Task2B)

To characterize the activity of these cofactors with ERRalpha, we examined the ability of
these cofactors to activate known ERRalpha target genes. However, most NR cofactors interact
with a number of different NRs, many of which might share promoter elements on target genes.
Therefore, to minimize potential interference, we customized several of these coactivators by a
method previously described (Gaillard et al., 2006), replacing their NR-interacting domains with
peptides that selectively bind ERRalpha. We measured gene induction of a number of known
ERRalpha targets with these wild-type and customized cofactors in the breast cancer cell line
BT474 to determine which cofactors might be responsible for coactivating ERRalpha in breast
cancer cells (Figure 3). These results were striking in that only the PGC-1 family members
PGC-1alpha or PGC-1beta appeared capable of inducing ERRalpha target genes in this cell line.
This result needs to be confirmed in additional cell lines, but it suggests that the PGC-1 family of
coactivators contribute to most of ERRalpha’s activity in breast cancer cells. Additionally, a
customized coactivator for PGC-1beta is needed, and is being constructed as discussed later.
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Figure 3. Induction of ERRa target genes by wild-type and customized ERRa-specific coactivators.
BT474 breast cancer cells were infected with adenoviruses expressing the indicated coactivators for 48hrs,
then RNA was harvested and analyzed by real-time PCR for expression of the indicated ERRalpha target
genes. SOD2: superoxide dismutase 2, IDH3A: isocitrate dehydrogenase 3A, ACO2, aconitase 2.

Characterization of ERRalpha-binding proteins (Task2C)

An additional method used to characterize the importance of these coactivators in
ERRalpha activity in the breast involved knocking down expression of the cofactors with sSiRNA.
To this end, several siRNA constructs to each cofactor were transfected into SKBR3 cells, and
expression of ERRalpha target genes, ERRalpha and oxoglutarate dehydrogenase, were
measured by real-time PCR (Figure 4). These results clearly demonstrated that knocking down
PGC-1beta decreased ERRalpha target gene expression the most, suggesting that PGC-1beta
might be a primary coactivator of ERRalpha in these cells. These results also need to be
repeated in additional cell lines.

Finally, we have explored the role of the corepressor, RIP140, binding to ERRalpha.
RIP140 has been demonstrated to bind and regulate ERRalpha by us and others (Castet et al.,
2006; Debevec et al., 2007). We have additionally found that knocking down RIP140 in SKBR3
cells results in a small increase of transcription of known ERRalpha target genes (Figure 5).
Additionally, we found that RIP140 can antagonize PGC-1alpha-mediated coactivation of
ERRalpha reporter genes. However, this result is not consistent, suggesting that other factors
might be influencing the activity of any or all of these proteins. This interaction with RIP140
could prove consequential to ERRalpha activity, further linking ERRalpha to cancer progression
through changes in cellular metabolism.
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Figure 4. ERRalpha target gene activity with siRNA knockdown of coactivators.
SKBR3 cells were transfected with 2-3 different siRNA constructs for each indicated coactivator for
72hrs, and RNA was harvested for analysis by real-time PCR. All SIRNA showed >80% KD, except
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Figure 5. siRIP140 activates ERRa target genes
SKBR3 cells were transfected with control si or sSiRNA to 2 different regions of RIP140, and RNA was

harvested for analysis of ERRalpha target gene expression by real-time PCR. ERRalpha target genes
evaluated are SOD2: superoxide dismutase, VEGF: vascular endothelial growth factor, IDH3: isocitrate
dehvdroaenase 3A. Aco2: aconitase. OGDH: oxoalutarate dehvdroaenase.



Identification of cofactors involved in steroidogenesis in the

breast (Task 3)

Initial quantitative analysis of ERRalpha cofactors in
the breast (Task 3A) was performed using the oncomine
database to search in silico for studies reporting differential
expression of the candidate cofactors. PGC-1alpha has
increased expression in hepatocellular carcinoma, clear cell
renal cell carcinoma (not shown), and prostate carcinoma
(figure 6) when compared to expression in respective

normal tissue.

PGC-1beta displays increased expression in cervical
carcinoma compared to normal cervix (figure 7). However,
as PGC-1beta was only discovered in 2001 (Lin et al.,
2002), it has only recently been added to expression arrays,
so data is still coming in on this factor. At the time of my
departure from the lab, we were in the process of generating
an ERRalpha-specific PGC-1beta adenovirus. This product
is partially generated, and will be useful within the
laboratory for this and other projects within the lab.

Having this construct will allow us to ask some of the
remaining unanswered questions of this proposal—whether
PGC-1beta has a role in binding ERRalpha in the breast
and coactivating it to drive expression of steroidogenic
target genes (Task3B), or whether knockdown of PGC-
1beta can abrogate induction of the genes (Task3D).
Additionally, we can examine whether PGC-1beta can
induce synthesis of steroids in breast cancer cells (Task

30).

RIP140 displays increased expression in
ovarian, prostate, and lung cancers compared to their
normal tissues (data not shown). While RIP140 does
not appear differentially regulated in studies comparing
breast tumors to normal breast, it does show decreased
expression in ER-negative breast cancer compared to
ER+ breast cancer in 13 different studies (Figure 8).
Since RIP140 generally has a repressive function, this
could result in increased ERRalpha activity in ER-
negative breast tumors. The potential implications of
this are discussed in the conclusion.
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Figure 6. Increased PGC-lalpha
expression in prostate cancer

Two studies (1. Lapointe, 2:
Dhanasekaran)  show  significant
differential expression of PGC-lalpha
in prostate cancer (P-value of 5e-20
and 4.5e-5 respectively.  Normal
prostate (red) vs. prostate carcinoma
(blue).
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Figure 7. Increased PGC-1beta
expression in cervical cancer

PGC-lbeta has higher expression in
cervical cancer (blue) compared to normal
cervix (red).
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Figure 8. RIP140 has reduced expression in ER-negative breast cancer cells

Thirteen independent studies show that ER-negative breast cancer (blue) has lower expression of
RIP140 (NRIP) when compared to ER+ breast cancer (red).

KEY RESEARCH ACOMPLISHMENTS:

e The PGC-1a/ERRa pathway induces StAR, CYP17A1, CYP11Al, and CYP19 in select
cell models

e CYP17Al and CYP11ALl enzymes induced by the PGC-1a/ERRa pathway are
functional.

e Steroids produced by the PGC-1a/ERRa pathway include 17aOH-pregnenolone and
DHEA

e De novo synthesis of DHEA can be initiated from both pregnenolone and 22(R)-OH-

cholesterol.

CYP17AL1 gene expression is responsive to CAMP

Identification of ERRalpha binding sites surrounding the CYP17A1 gene.

Identification of ERRalpha binding sites in CYP11A1 gene.

PGC-1alpha expression appears to be required for ERRalpha binding to either site around

CYP17Al or CYP11ALl.

e ldentification of PGC-1lalpha and PGC-1beta as coactivators that can drive expression of
ERRalpha target genes in breast tissues.
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e Knockdown of ERRalpha corepressor RIP140 drives expression of ERRalpha target
genes.
e RIP140 expression is decreased in ER-negative breast cancer cells

REPORTABLE OUTCOMES:

Manuscripts:
Gaillard S, Grasfeder LL, Haeffele CL, Lobenhofer EK, Chu TM, Wolfinger R, Kazmin D,
Koves TR, Muoio DM, Chang CY, McDonnell DP. Receptor-selective coactivators as tools to
define the biology of specific receptor-coactivator pairs.
Mol Cell. 2006 Dec 8;24(5):797-803.

Grasfeder, LL and McDonnell, DP. Nuclear Receptor Cofactor Interactions as Targets for New
Drug Discovery. NR Coregulators and Human Diseases. Chapter 19; 559-585. World
Scientific Publishing Co. 2008.

Grasfeder LL, Gaillard S, Hammes SR, llkayeva O, Newgard CB, Hochberg RB, Dwyer MA,
Chang CY, McDonnell DP. Fasting-induced hepatic production of DHEA is regulated by PGC-
1{alpha}, ERR{alpha} and HNF4{alpha}. Mol Endocrinol. 2009 Apr 23.

Degrees obtained:
PhD Thesis Defense: Regulation of hepatic metabolism through PGC-1a-mediated pathways.
Department of Pharmacology and Cancer Biology, Duke University, December 12, 2007.

Employment/Research opportunities obtained:
Post-doctoral researcher in laboratory of Jason Lieb, Department of Biology and Carolina Center
for Genome Sciences, University of North Carolina at Chapel Hill.

CONCLUSIONS:

Summary:

We have characterized the PGC-1lalpha/ERRalpha pathway as a novel pathway for
initiating steroidogenesis. We have shown that this pathway is capable of inducing the synthesis
of functional p450 enzymes Cyp17A1l and Cyp11ALl from either pregnenolone or 22(R)-OH
cholesterol. Potential ERRalpha binding sites have been identified around both genes by
scanning chromatin immunoprecipiation assays. DHEA is at least one of the resulting steroids
produced by this pathway, but it is unclear what its function is.

This pathway appears to be very active in cells of hepatic origin, but we have been unable
to find evidence for activity of this pathway in breast cancer cells. Technical issues may be a
confounding factor, but evidence for PGC-1alpha activity in breast cancer cells has been sparse
as well. Our attempts to identify alternative ERRalpha cofactors have been promising, with
PGC-1beta and RIP140 being our top candidates. PGC-1beta is capable of driving expression of
known ERRalpha target genes, while knockdown reduces expression of ERRalpha target genes.
Generation of the ERRalpha-specific-PGC-1beta will be very useful for further characterizing
the specificity of these effects. RIP140 knockdown increases expression of ERRalpha target
genes in breast cancer lines, suggesting that it regulates ERRalpha activity. Delivering this
siRNA by adenovirus or lentivirus might improve the efficiency of this response and could be

11



used to examine whether removing this repressor is sufficient to activate steroidogenic genes in
breast cancer cells. Since RIP140 binds so many nuclear receptors through its 10 NR-interacting
domains, it would be challenging, but useful to customize this cofactor to ERRalpha to determine
its effects specifically through ERRalpha and eliminate indirect effects from interactions with
other nuclear receptors. Another logical next step is to examine RIP140 expression in ER-
positive and ER-negative tumors to see if its expression is reduced in ER-negative tumors.

Implications:

Other studies in the lab have also revealed a role for ERRalpha specifically in ER-
negative breast cancer, where knockdown of ERRalpha reduces the migratory potential of MDA-
MB231 cells and reduces tumor growth of xenographs in mice (Stein et al., 2008). Combining
that work with the overwhelming number of studies showing reduced RIP140 expression in ER-
negative tumors suggests a mechanism by which ERRalpha activity could be
modulated/activated in ER-negative breast cancer cells. Since ERRalpha is subject to
autoregulation, even small changes could be magnified and could contribute to increased
ERRalpha activity in the cells, potentially contributing to or resulting in the observed poor
clinical outcome of patients with elevated ERRalpha levels in the tumors.
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Summary

In the absence of specific high-affinity agonists and
antagonists, it has been difficult to define the target
genes and biological responses attributable to many
of the orphan nuclear receptors (ONRs). Indeed, it ap-
pears that many members of this receptor superfamily
are not regulated by classical small molecules but
rather their activity is controlled by interacting cofac-
tors. Motivated by this finding, we have developed an
approach to genetically isolate specific receptor-
cofactor pairs in cells, allowing us to define the biolog-
ical responses attributable to each complex. This is
accomplished by using combinatorial peptide phage
display to engineer the receptor interacting domain
of each cofactor such that it interacts selectively with
one nuclear receptor. In this study, we describe the
customization of PGC-1« and its use to study the biol-
ogy of the estrogen-related receptor o (ERRa) in
cultured liver cells.

Introduction

The ONRs are a subset of the larger nuclear receptor
superfamily of transcription factors, for which no physi-
ologically relevant ligands have yet been identified. For
some ONRs, it has been possible to develop useful syn-
thetic agonists and antagonists enabling the elucidation
of their function in vivo. For others, it has been extremely
difficult to develop small molecule regulators, and con-
sequently, progress in defining their functional roles
has been impeded. Some of these problems have
been mitigated with the advent of siRNA technology,
wherein knockdown of receptor expression can be
used to substitute for antagonists. However, the consti-
tutive activity of many ONRs is so low that even quanti-

*Correspondence: donald.mcdonnell@duke.edu
8These authors contributed equally to this work.

tative knockdown does not provide the dynamic range
needed to identify target genes. Thus, there is a clear
unmet need for approaches with which to positively
and negatively regulate the activity of ONRs in target
cells.

We are interested in defining the physiological roles
for ERRa, an ONR in the NR3B subfamily. Structurally,
the ERRs are most closely related to the estrogen recep-
tors (ERs), and not surprisingly, significant crosstalk
between the signaling pathways regulated by these re-
ceptors has been observed. However, ERRa also plays
ER-independent roles as a regulator of oxidative phos-
phorylation, fatty acid oxidation, and lipid handling
(Huss et al., 2004; Mootha et al., 2004; Sladek et al.,
1997). Absent a ligand, however, it has been very difficult
to evaluate the relative physiological and pathological
importance of the ERRs in estrogen action and in the
regulation of metabolism.

Crystallographic analysis has revealed that ERRa is
capable of adopting a transcriptionally active conforma-
tion in the absence of any obvious electron density in
what would be expected to be its ligand binding pocket
(Kallen et al., 2004). However, its overexpression in cells
results in only modest activation of transcription. Robust
activation is observed when ERRu is coexpressed in
cells with the coactivator PGC-1a. (Huss et al., 2002),
suggesting that in place of a small molecule ligand, the
transcriptional activity of this and related ONRs may be
regulated by cofactor availability. Attempts to develop
small molecule regulators of ERRa have yielded only
weak antagonists and inverse agonists whose toxicity
and receptor crossreactivity limit their use (Willy et al.,
2004).

One approach to selectively increase the transcrip-
tional activity of a weakly active receptor is to fuse it to
the strong transcriptional activator VP16. However, this
approach does not recapitulate the physiological activity
of the native receptor, as negatively regulated genes will
likely be turned on by this modified protein. Another
approach s to activate the receptor with one of its known
cofactors. However, because most of the coactivators
that interact with ERR also interact with multiple recep-
tors and unrelated transcription factors, it has proven
difficult, even when complemented with siRNA knock-
down technology, to study the biology of this receptor
by simply manipulating coactivator levels in cells. Thus,
we have developed a methodology that has enabled us
to selectively and effectively regulate ERRa transcrip-
tional activity. Specifically, we have used combinatorial
peptide phage display to engineer the receptor interac-
tion domain of the coactivator PGC-1« such that it inter-
acts with and activates ERRo in a highly selective
manner. We validated the use of this customized coacti-
vator by using it to identify ERRa-regulated genes in
HepG2 cells, a study that both confirmed the key role
of this receptor in oxidative metabolism and uncovered
additional pathways in which it is engaged. This technol-
ogy, we believe, will have broad application, allowing for
the development of customized coactivators for other
NRs and transcription factors.
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